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The prolongation and shortening of lifetimes of atoms due to quantum coherence between atoms 
is examined. These effects are shown to follow simply from the unitarity of time evolution. Possible 
experiments to detect these effects are discussed. 
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I. INTRODUCTION 



Decays of excited atoms can be influenced by the surrounding system. For example, an atom cannot decay in a 
cavity whose linear dimensions are smaller than the wavelength of the photon that would be emitted if the atom 
were not confined to this cavity. Also, in complex molecules radiationless transitions often compete with the radiative 
decays. It is also known that by surrounding the excited atoms with similar atoms in their ground state, we can 
dramatically shorten or prolong the decay lifetimes [H. While earlier work |Q,0,?] has focused on "super-radiance" of 
atoms, here we shall study the suppression of radiation as well del996, and estimate its lifetime. While the prolonging 
of lifetime can be viewed as "exciton trapping," in this paper, a simple explanation of these effects will be given using 
the unitarity of time evolution. We will discuss it first in the simplest setting of just two atoms in section II with no 
mutual or external interactions apart from that with the relevant electromagnetic (EM) mode. Next, in sec III, we 
generalize to the case of N free atoms. In sections IV and V, we discuss possible experimental realizations. 



II. THE IDEALIZED TWO ATOM CASE 



Consider first two identical, infinitely heavy, atoms at locations i"i and r 2 separated by a distance |ri — r2 1 = a. 
We will focus on the ground state \g > in which we assume atom number 1 to be, and one particular excited state 
\e > in which atom number 2 is initially, at time t = 0. Let the energy difference between the two levels be E. Then 
A = hc/E is the wavelength of the photon connecting the g and e levels. The separation between the atoms is assumed 
to be smaller than this wave-length: A < a ( basic condition ). We could have instead of the above initial state which 
we denote as |^(1) >= |el > \g2 > |0 > , where |0 > denotes the vacuum state of the electromagnetic field, the 
other alternative state in which atom 1 is in the ground state and atom 2 is excited : |^(2) >= \gl > |e2 > |0 >. 
These two states are clearly orthogonal because < el\gl >= =< e2\g2 > due to the orthogonality of the ground 
and excited states. The final states that and 1 &(2) would evolve to after the excited atom in either \I/(1) or '5(2) 
decays are, respectively, \gl > \g2 > \-fi > and \gl > \g2 > \j 2 > where I71 > and I71 > are the photons emitted 
in the |el >— > \gl > and the |e2 >— > \g2 > transitions . The corresponding wave packets are separated by distance 
a << A. The scalar product < 71I72 > is therefore - up to a/ A small correction - of order unity. Thus the two 
initial orthogonal states evolve into non orthogonal , almost identical, states. This clearly violates unitary quantum 
mechanical evolution. 

The resolution of this apparent paradox is rather simple and leads directly to the effect that we consider. On 
defining the two orthogonal states that are symmetrized (or anti-symmetrized respectively) with respect to the 1 2 
exchange of the two atoms: 

\S > = -^=(|el > \g2 > +\gl > \e2 >), \A >= -±=(|el > \g2 > -\gl > \e2 >). 
^(i) are the linear superpositions 

|*(1)> = \el > \g2 >= ±(\S > +\A >) 
|*(2)> = \gl > \e2 >= ±(\S > -\A >) 

(For simplicity the common |0 > factor is omitted.) 

The key observation is that the S and A states evolve independently when the interaction with the EM field is 
switched on since they interact symmetrically with the relevant "long wave-length" mode. The photons emerging from 
ri and r 2 interfere constructively in the case of the S wavefunction and destructively in the case of the A wavefunction. 
Hence the state S will decay twice as fast as a single isolated atom, and the state A will live much longer. (Its lifetime 
will not be infinite as the cancellation is exact only up to a/ A corrections). This resolves our "paradox " : The wave 
packet of the photon emitted in the decay of the state S is orthogonal to that of the photon emerging from the decay 
of the longer lived anti-symmetric state A. Indeed, the time for the emission of the first photon is ct/2, and the two 
emitted photons will be separated, on the average, by a much larger time interval St = (A/a) 2 r >> r, with r denoting 
the lifetime of one isolated atom. 

The photons emitted in the decay of the S and of the A states differ in another, related, aspect , namely in the 
angular momentum basis they correspond to different multipoles. To see this let us follow the separate evolution of 
the S and of the A states to late times when both have decayed : 
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\S > |0 >= -J=(|el > \g2 > +\gl > \e2 >) -> -±=|.gl > | 5 2 > | 7s > (1) 



\A > |0 >= -J=(|el > |.g2 > -|<?1 > |e2 >) -> -±=| 5 1 > \g2 > \ 1A > 



(2) 



with 1 7s >= I71 > +I72 > and \ja >= |ti > — 1 72 > What are I71 > and I72 >? Clearly we cannot take the two 
photons to be identical - as our original paradox will reappear with a vengeance: the \A > |0 > state will eventually 
vanish altogether! What \jsa >= |ti > =M72 > really corresponds to is the EM field radiated when we superpose, 
with the appropriate phase relation, the two sources 

Assume that the e — > g is a dipole transition. The \S > (or \A >) — * \gl > \g2 > transition originates from the 
original atomic dipole "d" at ri superposed with an identical (inverted) dipole at r 2 . Thus the 5 decay is driven by a 
dipole of twice the magnitude (and hence the enhanced decay rate), and using the multipole rather than plane wave 
basis the S photon is a dipole photon. On the other hand in A the two dipoles cancel leaving us with a quadrupole 
of magnitude Q = d ■ a. The emitted photon will be quadrupolar in the multipole expansion and hence the S photon 
and the A photon will indeed be orthogonal. The suppression of the decay rate of the A state relative to that of the 
S state by (a/lambda) 2 traces back simply to the well known rate hierarchy for higher multipoles! 

The fact that the symmetric 2 atom state (and as we will see later also the completely symmetric in the N atom 
case) state decays twice as fast ( and in the general case N times faster) is the well known superradiance phenomenon. 
In the present case where we start with the excitation localized at one site this is not so spectacular. Even for free, 
isolated atoms a fraction ~ 0(1/ N) decay in a short time interval of t/N. That the antisymmetric state (and analogs 
of it in the N particle case ) has lifetimes that much exceed that of the free decay is the more intriguing aspect which 
we focus on ||. 

If we insist on using the original localized states, namely |el > \g2 > and \gl > \e2 >, then the following heuristic 
argument can be used: The photon emitted via \el >— > \gl > has a large resonance cross-section of order A 2 for 
being absorbed by the other atom via \g2 >^ |el >. Hence the excitation can go back and forth between the two 
atoms (A/a) 2 times before being finally emitted. This simple picture neglects the distinction between the near and 
far ("radiation") zones and fails to explain the quick initial decay of the symmetric S state ( with lifetime r/2). Yet 
it clearly emphasizes some relevant points . Thus once we depart from the completely idealized case of two, static 
free and isolated atoms it is crucial to avoid frequency shifts- due to the Doppler effect and/or different interactions 
of the excited and ground state atoms in their different local neighborhoods which will split the levels by more than 
the width 7 = 1/r. 

Indeed the coupling between the two degenerate states |el > \g2 > and \gl > \e2 > via the second order emission 
+ absorption interaction , yields, after diagonalization, the symmetric and the anti-symmetric states. Since the 
symmetric state is much more short lived than the antisymmetric state it is crucial that we do not break the 1 2 
permutation symmetry by having even slightly different neighborhoods for the two atoms. Such symmetry breaking 
would induce A — > S transition and depletion of the population of the long lived states. Finally the heuristic picture 
strongly suggests that the trapping of the excitation will be enhanced and effective lifetimes further prolonged if we 
have N rather than one unexcited atom in the lambda neighborhood of the excited atom. 

Before proceeding to this case and to putative experimental set-ups, we would like to verify that there are no 
intrinsic difficulties impeding observation the prolonged lifetimes. The following are obvious requirements that need 
to be fulfilled: 

a) the relative velocity of the two atoms should be small enough so that the Doppler frequency shifts of the radiation 
emitted from atom 1 and atom 2 will differ by less than the natural width : T = 1/t, namely 

Relative) 
c 

If the last inequality is not satisfied the photon wave packets emitted by the decay of atom 1 or by the decay of atom 
2 are separated (in momentum space). The final states are orthogonal avoiding the 'Paradox" and ensuing discussion. 

b) The condition (|^) is equivalent -using v = c/A for the frequency to 

v(relative) t < A (4) 

namely, the obvious condition that during the lifetime of the system the atoms do indeed stay within a distance a < A. 

c) So long as we transfer from atom 1 to atom 2 ( or vice versa) only the excitations but not any momentum, the 
states of the two atom system obtained after our initial state |el > \pl > \g2 > \p2 > or \gl > \pl > |e2 > \p2 > 
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with \pl > (\p2 >) indicating the say momentum space state of atom 1 ( atom 2)- decay, are the same \gl > \pl > 
\g2 > \p2 > state. However the emission of the photon could change the relative momentum by 5p = E/c and the 
velocity by Sv — 5p/M with M being the mass of the atom in question. This, in turn, will change, during the relevant 
lifetime r , the distance between the atoms by 5a = Svt. In order to have the same final atomic CM states after the 
photon has been emitted from 1 or from 2, this shift has to be smaller than the configuration space the width of wave 
function describing the location of each of the atoms. The latter is clearly larger than the de- Broglie wave length 
h/p. Hence we finally obtain 

1T7 T < - ( 5 ) 

M p 

For a photonic transition Ap = h/X. This and p = Mv imply that the same requirement vt < A again guarantees 
that also this condition is satisfied! 

It is amusing to consider the following modification. Let us introduce a metal disc of radius R > A > a so that it 
is perpendicular to, centered on, and bisects the line ri*2 connecting the two atoms. 

Photons of wavelength A incident on either side of the disc will be reflected (in particular diffraction is negligible 
for R^> X). Exciton trapping by hopping between the two atoms, and the attendant Lifetime prolongation will then 
be avoided. 

The same conclusion obtains also in our original approach. In the presence of the metal disc each atom does not 
emit a spherical wave. Rather it emits "half a spherical wave" - namely a collection of plane waves along rays pointing 
in the z > direction for atom one say, and in the z < direction for atom 2. The final states obtained by de-exciting 
atom 1 or atom 2 are therefore orthogonal and our paradox and ensuing conclusions are therefore avoided. 

The metal sheet should be thinner than a and hence much thinner than A. Yet such thin sheets may also perfectly 
reflect light of wavelength A. Hence the modified set-up with the metal disc is realistic and can be experimentally 
achieved. 

We could replace the uniform conducting sheet by a series of wires parallel to the x-axis say. In this case light 
polarized along the x-axis is reflected more strongly and the quenching of the prolonged lifetime will occur mainly for 
such polarization. 



III. THE IDEAL CASE OF N ATOMS 



Let us next consider the case where in addition to our excited atom at ri we have N — 1 ground state atoms at 
r2,r3, ...rjv all within a region of size a < A. Our initial motivating paradox is now further exacerbated: We have N 
different orthogonal states: 

|*(1) >= |el > \g2 > \g3 > ...\gN > |0 > 
|*(2) >= \gl > |e2 > |<?3 > ...\gN > |0 > 
|*(3) >= \gl > \g2 > |e3 > ...\gN > |0 > 

>= \gl > \g2 > \g3 > ...\eN > |0 > 

all of which apparently evolve into essentially the same final state \gl > \g2 > |<?3 > ...\eN > I7 >. 

Again the resolution is straightforward, ^f(i) <-> ^(j) transitions H(i,j) are caused by emission of a photon at the 
ith site and its absorption at the jth site ( or vice- versa). Hence we need to diagonalize this transition Hamiltonian 
H(i, j) by going to a new basis of N orthogonal states: x(i) = M(i,j)if>(j). The are the analogs of the S and 
A states in the simple N = 2 case above. We cannot immediately guess the x(i) states that diagonalize the matrix 
M(i,j)) in the general case. The point is that the H(i,j) transition elements depend on the relative — rj distances 
( which in three dimensions cannot be all equal for N > 4) . If however the basic paradox is to be resolved in a manner 
similar to the previous case we are led to expect a hierarchy of states with growing degrees of "anti-symmetry " and 
correspondingly longer lifetimes. 

If the photons emitted in the decay of all the different x(i) states have still essentially the same energies the 
requirement of non-overlapping wave packets suggest that there should indeed be a strong geometrical hierarchy 
r(n + 1) > Cr(n) between the lifetime of the different states. Referring to the N=2 case we find C = (A/a) 2 . To 
motivate the above rather dramatic increase of lifetimes with TV, let us consider the following special case. Assume 
that the N atoms are arranged symmetrically on a circle of radius a in the x-y plane centered at the origin: 
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x{m) — a cos(m27r/A^); y(m) — a sin(m27r/7V) 



(6) 



The system (and the H(m,n) matrix) are in this case invariant under the cyclic permutations: 1 — > 2 — > 3 — > 
...JV — 1 — > JV — > 1. Here this is also invariance under (z axis) rotations by <f> = 2%/N. In this case we have a natural 
choice of eigenfunction x( m ) which diagonalize the ( modular) L(z) angular momentum ||: 

|X(1) > = [1/V(JV)]{|*(1) > +|*(2) > +|*(3) > +...|*(m) > +... + >} 

|X(2) > = > +6|*(2) > +fo 2 |*(3) > +.. + &(" l - 1 )|*(m) > +.. + b^-^N)} 

|X(3) > = [1/V(JV)]{|*(1) > +(& 2 )l*(2) > + + 6 2(m - 1} |*(m) > +....b 2 ( N -V\V(N) >} 

\ X (n + 1) > = [1/V(JV)]{|*(1) > +(& n )|*(2) > + + (6"( m - 1 ))|*(m) > +...b n ^ N -^ |*(JV) >} (7) 

where 6 is the iVth root of unity: 6 = exp(— i2n/N) 

It is relatively straightforward to verify that the x( n ) are eigenstates of the hamiltonian H(ij) so long as its rows 
are obtained by repeated cyclic permutations of the elements of the first row. Furthermore x( n ) are eigenstates of 
the modular angular momentum ||: 

exp [i2irL(z)] 

with L(z) having eigenvalues: I = integer modulo N . Thus following the argument used towards the conclusion of 
the last section, we expect that the decays of successive x( n ) to the ground state |<?(1) > \g(2) > ...\g(N) >, have for 
n < N/2 increasing multipolarities. Thus increasingly stronger supression of the decay rates by (a/X) 2 .l all the way 
up to (a/X) N will indeed arise. One may argue that the above configuration of N atoms is contrived: The distances 
between neighbouring atoms [2.7r/N]a is much smaller than a. Also exact symmetry for rotations by 2tt/N was used. 
We have considered also other configurations like 8 atoms at the vertices of a cube of side a and found for simple 
(V' ) dependences of the transition strengths also very long lived state-a result which essentialy follows from 
the connection between the rotation and cube groups. The situation is rather complicated when we have a large say 
N > 10 , atoms with random distances. The heuristic picture of an exciton " ratling" between a large number of 
atoms do however strongly suggest that the prolongation of lifetimes in the case of many atoms N, while not always 
exponential in N, is stronger than in the special N = 2 case. 



IV. CAN DOPPLER SHIFTS PREVENT OBSERVING PROLONGED ATOMIC LIFE-TIMES? 

We first consider the simple case of free atoms in a gas. A key requirement for the observability of the effect 
considered here is a large ratio of the wavelengths of the radiation and the sizes of atoms. Their atomic separations 
a can be chosen which, on the one hand, are much larger than atomic sizes (so as to minimize the interatomic 
interactions) and, on the other hand, be smaller than A so that the prolongation of lifetimes by a factor of the order 
of (A/a) 2 will be appreciable. More careful considerations of the phases suggest that A should be replaced by X/2.tt. 
In the following we will use A to indicate the smaller A/2-7T In real atoms this hiearchy is indeed set by the smallness 
of alpha, the fine-structure constant a = 1/137. Thus for the 2P — > 15 transition in Hydrogen the ratio of A and 
r(Bohr) = O.bA and A is 8/3a = 360. We could then have atomic separation of 70 angstrom — 120 Bohr radius where 
the interatomic interactions would hopefully be negligible and still achieve a nine -fold prolongation of the lifetimes! 
As we go to heavier atoms both atomic sizes and wavelengths tend to increase in similar proportions maintaining the 
above ratio. Let us next consider the second key, namely the Doppler shift bound: vt < A For Hydrogen the lifetime 
t = 1.6 x 10~ 9 sec. Using A = 200A this then requires v < 10 3 cm/sec. Can we achieve such low velocities in a 
gaseous phase? To avoid coalescence of atoms into molecules we may consider helium gas with similar lifetime, radius 
and excitation energy. At some temperature T the thermal velocity of helium atoms is : 

v(helium) = c( s)V(30/4)[T/300] (8) 

with c(s) = 330 meter/sec is the sound velocity at room temperature (SOOdegK) and 30/4 is the molecular weight 
ratio for air and Helium. To satisfy the last bound we need T < 0.04degif which unfortunately is well below the 
liquefication point of Helium. (Note that at 70A separation we still have 2 x 10 18 atoms per cm 2 , a very dense Helium 
gas which readily liquefies at these low temperatures!) The liquefication temperatures of other gasses are much higher 
so that Helium is indeed the optimal choice. Thus the above ratio of few hundreds between the wave-length and 
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atomic scales is really not big enough. Even helium atoms, which are the most weakly interacting species, have 
sufficient interactions so as to cause condensation into liquid even for interatomic distances 70 A. 

To avoid the deleterious effects of Doppler shifts assume that the atoms are confined inside a (say spherical) cavity 
of radius R << X. Since interatomic distances r(i,j) are smaller than R that guarantees our basic requirement 
r(i,j) « X. We assume the cavity walls to perfectly (elastically) reflect ground state and excited atoms alike, and 
otherwise neglect, for now, atom wall and atom - atom interactions. Insofar as the center of mass coordinates r(i) 
are concerned the atoms are in the various states ^(n, I, m)(r) of an infinite Square well, with excitation energies of 
order: 

e = h 2 /MR 2 (9) 

It is well known from the analysis of the Mossbauer effect that the Doppler shift ( appearing here quadratically as 
recoil energy loss) is negligible so long as : 

k(-y)R = R/X « 1 (10) 

which is precisely what we assumed above. To show this we use the sudden approximation to find the probability 
that the internally excited atom which to start with is in a specific state ^>(n) will stay in the same ( CM ) state 
when a momentum k(^) has been imparted to it. The actual photon emission lasts for: 
S(t) = a(Bohr)/c = a x t(period) « t(period) 

The fact that this time is short relative to the period of internal atomic motion justifies the sudden approximation. 
Thus in particular the probability of remaining in the state n is 



P(n — > n) = | < *(n)| exp(iK .r)|* (n) > | 2 = 1 

where we used in the last step eq. ([l0]) and r < R. Since this holds for any state n the above, quenching of the 
Doppler shift and recoil applies also at temperatures T such that kT >> E, when many (CM coordinate ) states n 
are excited. If we have two atoms in (CM) states n(l), n(2) with the first /or the second one internally excited then 
indeed the same state of the two atoms is achieved after the decay and photon emission. 

The above argument notwithstanding, one may wonder why we cannot view the atom as a wave packet which moves 
back and forth in the cavity. In this case we could naively expect a strong Doppler broadening of the emitted photon 
line with shifts to the blue red alternating due to the atom receding/ approaching the observer?. This, however, is 
not the case. The amplitude for emitting a photon with specific energy hu is given by Fourier transforming the time 
dependent atomic current which couples to the EM Field .If the latter were purely harmonic ( with frequency loo) 
then ,with the exponential decay of the ground state, the standard Lorentzian line shape: 



{[u 1 -u; Q } 2 + (r/2) 2 }- 1 

with r = 1/t, the natural width, obtains. 

The varying Doppler shift due to the slow CM motion then modulates the frequency of the harmonic atomic 
multiplies it by 1 + f3SW(t) with j3 = v(atom)/c and SW(t) is a square wave time profile: 

SW(t)-{ 1 ^v2nT<t<(2n + l)T 

° W ~ \ -1 for (2n + 1)T < t < (2n + 2)T { } 

(For simplicity we assume one dimensional motion with positive Doppler shift during a time interval T = 2.R/v 
alternating with a negative Doppler shift at the next time interval T ,when the atom's velocity has reversed direction 
etc.) 

The phase accumulated at time t is then 

<S>(t)=Lu{Q)t + bLu{0) f SW(t) (12) 

J o 

The contribution of any even number of T intervals to the last integral over the square wave profile vanishes yielding: 

SW(t) = sinf (mod 2T) (13) 
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We need then to evaluate the Fourier Transform: 

J d(i)exp[-iw-w(0)t].exp[6.w(0)i(modT)]exp[(-^)i] (14) 
where the last factor indicates the exponential damping of the oscillations. The argument of the second exponent 

buj(O) t(mod T) < bu(Q)T = (v/c)u(0)R/v = R/X 

is then the same as that encountered in the Mossbauer effect. Its smallness guarantees the quenching of the Dopplcr 
shift, and the ordinary Lorentzian shape is reproduced. 

V. CAN THE PROLONGED LIFE TIMES BE OBSERVED? 

A description of a specific realistic experimental set-up for observing the prolonged life-times, is beyond the scope 
of the present paper. Yet we would like to address some of the more obvious possible hurdles which may be encoun- 
tered. One difficulty which could arise in the context of the atoms in a real physical cavity concerns the atom -wall 
interactions. These ( un-retarded) standard van Der Waals interactions fall off only as 1/r 4 as a function of distance 
and at the small 0(100 A) distances envisioned can be appreciable. In particular this (attractive) interaction is much 
stronger for the excited atoms. Yet we would like to argue that this does NOT negate the possible observation of the 
effect considered here. 

The argument is similar to that for the avoidance of the Doppler shift. A key point is that we should not consider 
the instantaneous potential energies V e (r(t)) and V g (r(t)), which depends on the (radial) location and is different for 
excited and ground state. Rather our excited atom can be in any one of the (now -Van der Waals Modified) states 
(n, l.m) with CM wave -functions and energies e(g)(N, L, M)) and e(e)(n, I, m) for ground and excited atoms. Photon 
emission from either \gl > \e2 > or \el > \g2 > yields the same ground atomic state and orbital CM coordinate states: 

\gl > \N, L, M > \g2 > \n, l,m> 

Hence our original "Paradox" and ensuing discussion remain unchanged. Differently stated the strong resonant 
absorbtion of the photon emitted still occurs in the |el > \g2 >^> \gl > \e2 > transition: 

|e > \N,L,M > +\g > x\n,l,m >^ \g > \n,l,m > +\e > \N,L,M > 

which ,in turn, forces the formation of symmetric and anti-symmetric combinations so as to diagonalize this important 
transition. Clearly in order that the excited atom will indeed 'know' that it is in a specific (n, I, m) state it should be 
able to complete several periods of internal motion before decaying. Thus 

v(atom) t >> R 

should be satisfied. If R is not much smaller than A ( which recalling that A = 200 A is rather unlikely). This is just 
the reverse of our (failed!) condition to prevent excessive Doppler shifts in pure atomic systems and is indeed readily 
satisfied! 

An important issue which we have not addressed so far is that we need to excite locally one atom so that our initial 
state will indeed be |el > \g2 > (or \gl > |e2 > ) and not the coherent sum S. Thus we cannot use a laser beam tuned 
to the right frequency: the long wavelength photons will then primarily excite the symmetric S state and not the 
desired state. A local excitation can be achieved via some small probe like that of an STM or AFM with which the 
atom interacts locally. Since the field near such probed is highly non uniform we should make sure that the resulting 
momentum transfer to the atom A(p) will not exceed M(atom)v with the above v of 10 3 cto. 

When the atomic excitation by E is achieved in a collision with a projectile of velocity v/c — (3 we have a momentum 
transfer 5(p) = 5(E)/ (3 = E//3. Using E = (l/2)m(electron)a 2 We find a recoil velocity of 500/(Af3) cm/sec. Clearly 
the momentum transfer and recoil velocity will be minimized for relativistic projectiles. We could thus use relativistic 
electron beams (though in the latter case we may worry that most of the energy can dissipate not via the specific 
desired atomic excitation). 
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Interaction with walls are avoided if we use the non-material, purely electromagnetic traps recently developed. In 
such traps, where atoms have been cooled to nano-Kelvin degree and Bose-Einstein condensation has been observed, 
many novel subtle quantum mechanical aspects including the qubits for future quantum mechanical computers may 
manifest themselves. And it is quite natural to hope that the same will happen for the prolonged lifetimes. 
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